Targeted capture coupled with high-throughput sequencing can be used to gain information about nuclear sequence variation at hundreds to thousands of loci.
| INTRODUCTION
Genetic markers are important tools for assessing and monitoring wildlife species (Frankham, Ballou, & Briscoe, 2010) , providing valuable information at both the population (e.g., genetic diversity, census size and migration) and the individual level (e.g., reproductive success, relatedness and home ranges). They serve a particularly important role in the study and conservation of rare and elusive species, as genetic data obtained from noninvasively collected samples (e.g., hair or faeces) provide information that is more difficult to obtain using traditional monitoring (Schwartz, Luikart, & Waples, 2007) . In an important way, genetic monitoring can inform researchers and agencies about population parameters that are nearly impossible to retrieve from observation alone.
The past years have seen an ongoing transition from the use of fragment length polymorphisms (e.g., microsatellites) to the use of single nucleotide polymorphisms (SNPs) in molecular studies of wildlife species . SNP-based marker panels have several advantages compared with microsatellites (e.g., Brumfield, Beerli, Nickerson, & Edwards, 2003; Garvin, Saitoh, & Gharrett, 2010; Morin, Luikart, & Wayne, 2004) , including their genome-wide distribution in coding and noncoding regions, the ease of allele scoring, data transferability due to independence of genotyping technology and the potential for high-throughput screening. Provided that a sufficient number of markers are available, SNPs also compare favourably with microsatellites in applications relevant to conservation, for example individual identification, inference of population structure and admixture, assignment of individuals to populations or parentage and kinship assignment (e.g., Gärke et al., 2012; Glover et al., 2010; Hauser, Baird, Hilborn, Seeb, & Seeb, 2011; Kleinman-Ruiz et al., 2017; Muñoz et al., 2017) . Also relevant for the application of SNPs in conservation genetics is that SNP assays typically target shorter sequences (50-60 bp) than microsatellites (80-300 bp) (Morin et al., 2004) , which results in lower rates of genotyping errors (e.g., allelic dropout and false alleles) when working with degraded samples characterized by fragmented DNA, such as noninvasively collected samples (Bonin et al., 2004; Broquet, Ménard, & Petit, 2007; Kraus et al., 2015; Norman & Spong, 2015) .
Technological advancements such as nanofluidics have substantially reduced the required reaction volumes for SNP genotyping, making it possible to simultaneously type numerous SNP loci even from very little template material. This enables the economical use of noninvasively collected samples, as the often very low amount of template DNA extractable from such samples had previously constrained the number of SNP loci that could be genotyped (e.g., Kraus et al., 2015; and references therein) . The low per-sample cost (incl.
in comparison with microsatellite-based approaches; Kraus et al., 2015) and the high degree of automation possible with nanofluidics allow for cost-effective and high-throughput screening of samples.
Thus, routine use of SNP-panels for genetic monitoring of wildlife species based on noninvasively collected samples is now achievable and will likely become the marker of choice in noninvasive genetic wildlife studies.
The development of SNP-panels for wildlife species without available genomic resources relies on a preceding phase of SNP discovery. As SNP-panels utilized in genetic monitoring of wildlife species require only a limited number of markers-usually in the order of 24-384 SNPs (e.g., Bayerl et al., 2018; Fitak, Naidu, Thompson, & Culver, 2016; Kleinman-Ruiz et al., 2017; Kraus et al., 2015; Norman, Street, & Spong, 2013; Nussberger, Wandeler, & Camenisch, 2014;  von Thaden et al., 2017 )-high-throughput sequencing approaches that retrieve data for only a subset of the genome can be used because they yield sufficient genome-wide sequence variants. The most popular and widespread techniques used in population genetics and evolutionary biology are restriction site-associated DNA sequencing (RAD-seq; Miller, Dunham, Amores, Cresko, & Johnson, 2007) and variants thereof (e.g., Elshire et al., 2011; Kraus et al., 2011) , whole-transcriptome shotgun sequencing (RNA-seq; Wang, Gerstein, & Snyder, 2009 ) and targeted capture (Gnirke et al., 2009; Olson, 2007) . Targeted capture has several advantages over the alternative techniques (reviewed in Jones & Good, 2016) , including greater reproducibility among samples, a higher degree of scalability, more consistent coverage of targeted regions and more accurate variant detection (Gnirke et al., 2009; Harvey, Smith, Glenn, Faircloth, & Brumfield, 2016; Ku et al., 2012; Tewhey et al., 2009 ). In addition, the utility of targeted capture is far less restricted by sample quality and source (Jones & Good, 2016) , permitting a wide range of sample types to be exploited in studies (e.g., noninvasively collected material, Perry, Marioni, Melsted, & Gilad, 2010; archival material, Bi et al., 2014; ancient material, Burbano et al., 2010 ; formalin-fixed material, Ruane & Austin, 2017) .
However, unlike RNA-seq and RAD-seq, targeted capture requires prior sequence knowledge of target loci for the development of baits (DNA/RNA molecules) that are used to enrich complementary genomic regions in genetic libraries prior to sequencing. At present, this sequence knowledge is often lacking for nonmodel species. This can be overcome by either generating required data for study species through prior de novo sequence assembly or by utilizing genomic resources from other (related) species (reviewed in Jones & Good, 2016) . Studies employing the latter approach can be divided among those targeting genomic regions that are conserved among divergent species (e.g., ultra-conserved element sequencing, Faircloth et al., 2012 ; anchored hybrid enrichment, Lemmon, Emme, & Lemmon, 2012 ) and those targeting exons or whole exomes (e.g., Bi et al., 2012; Vallender, 2011) . Conserved elements are by definition minimally variable and rely on the retrieval of flanking sequences to identify intraspecific variation (Faircloth et al., 2012; Smith, Harvey, Faircloth, Glenn, & Brumfield, 2014 ), which appears to become problematic for degraded samples (i.e., samples with high levels of DNA fragmentation; e.g., McCormack, Tsai, & Faircloth, 2016; Ruane & Austin, 2017) , and are primarily employed in interspecific studies to address taxonomic questions (e.g., Faircloth, Sorenson, Santini, & Alfaro, 2013; Faircloth et al., 2012; Hawkins et al., 2016; Leaché et al., 2015; Manthey, Campillo, Burns, & Moyle, 2016; Smith et al., 2014) . Exon/exome capture is not restricted in this manner and is thus more amenable for surveying intraspecific variation (e.g., Bi et al., 2012; Hancock-Hanser et al., 2013; Hodges et al., 2007; Jin et al., 2012; Neves, Davis, Barbazuk, & Kirst, 2013; Powell, Amish, Haynes, Luikart, & Latch, 2016; Roffler et al., 2016; Suren et al., 2016; Yi et al., 2010) .
In this study, we demonstrate the application of targeted capture of coding DNA sequences ("exon-capture," Bi et al., 2012) for SNP discovery in a nonmodel species and show how the identified SNPs can be utilized for cost-effective genetic monitoring of an elusive carnivore, the Eurasian lynx Lynx lynx. We used baits designed from a fully annotated reference genome of a related species, namely the domestic cat (Felis catus), to enrich target loci from our study species (lynx). In order to avoid capturing paralogues, yet have loci evenly distributed throughout the lynx genome, we designed cat baits to target single-copy coding DNA sequences (CDS). To minimize ascertainment bias, lynx samples used for SNP discovery covered the European distribution range of the species, including some reintroduced populations. Following SNP discovery, we developed a SNPpanel that can be routinely used with the nanofluidic Dynamic Array Chip technology implemented in the Fluidigm platform (Fluidigm Corp., San Francisco, CA, USA). This platform has been used successfully to genotype SNPs in a range of noninvasively collected material (e.g., hair and faeces; von Thaden et al., 2017) , which represent an important resource for the genetic monitoring of rare and elusive species.
Here, we outline how we (a) used the genomic resources available for model organisms to design baits and then enriched target loci in our study species; (b) filtered the intraspecific variation in our study species for candidate SNP loci; (c) evaluated a large set of candidate SNPs in our chosen genotyping platform; and (d) settled on 96 loci for the final SNP-panel ( Figure 1a ). We further tested how the newly developed SNP-panel performs in the genetic monitoring of our study species using 100 additional samples not included in the SNP discovery. For this, we specifically focused on the ability of a SNP-panel developed from CDS for (a) individual discrimination and (b) analysis of genetic population structure, including the correct assignment of individuals to their source population.
| MATERIALS AND METHODS

| Biological samples
DNA was extracted from tissue (liver or muscle) or blood using the Figure 1b) .
Applicability of the final 96 SNP-panel was then assessed by genotyping an additional 100 lynx samples originating from the same populations (below, but see also Supporting Information Table S1 ).
The Dinaric population was intentionally sampled as a distinct reintroduced population (originating from the Carpathian population), for the assessment of correct individual assignment (below).
| Bait design
We compared the annotated genomes of the domestic cat (Felis catus v6.2), domestic dog (Canis lupus familiaris v3.1), horse (Equus caballus v2.0), cow (Bos taurus v3.1) and pig (Sus scofa v10.2) using EVOLMARKERS (Li, Riethoven, & Naylor, 2012) to identify single-copy protein-coding genes present in all of these taxa. In order to avoid paralogues, candidate target loci were restricted to CDS with less than 40% similarity to intraspecific sequences using a BLAST approach (Li et al., 2012) . This restriction ensured that target loci would be unambiguously identifiable. To increase the chance of SNP discovery and facilitate the development of assays, we excluded short exons and thus chose targets with a minimum length of 400 bp, which yielded 1,357 CDS markers. Potential targets were then further filtered by selecting a single exon per autosomal gene, reducing the set to 809 CDS markers (exons). As capture was to be performed on a felid species, we used F. catus CDS to design the baits (Figure 1c , see also information summary in Supporting Information Table S2 ). The custom tailored MYbaits 
| Capture and sequencing
Illumina sequencing libraries were built following a published DIY protocol (Meyer & Kircher, 2010) with some modifications reducing both loss of template and costs (Fortes & Paijmans, 2015) .
Libraries were captured individually following suggested modifications of the MYbaits protocol (Li, Hofreiter, Straube, Corrigan, & Naylor, 2013) . In brief, volumes were reduced, the amount of synthetic RNA baits used per capture was reduced (eightfold), and the standard hybridization temperature of 65°C was replaced by a "touchdown" protocol with hybridization temperature decreasing from 65°C to 50°C in 5°C increments every 11 hr (for details on library building and capture please refer to the Appendix S1).
The library of each individual (N = 26) was captured two consecutive times; the eluate from the first capture (i.e., the enriched library) was amplified and used in a second round of capture, as this has been reported to increase the number of on-target reads for both within-species and cross-species capture (Li et al., 2013; Templeton et al., 2013) . We confirmed this by sequencing the first five samples processed also after the first capture round, observing a four-to sevenfold increase in the number of unique on-target Figure S1 ).
Enriched libraries were paired-end sequenced on two Illumina platforms (Illumina, San Diego, CA, USA): MISEQ using version 2 300-cycle kits and NEXTSEQ using version 1 150-cycle MidOutput kits.
| Data processing
| Preprocessing
Demultiplexing of paired-end reads using BCL2FASTQ version 2.17.1.14 (Illumina, Inc.) was followed by removal of adapter sequences using CUTADAPT version 1.3 (Martin, 2011) . Adapter-clipped reads were then quality-trimmed using a sliding window approach in TRIMMOMATIC (Bolger, Lohse, & Usadel, 2014) , with the phred quality threshold set at Q = 20 and window length of 10 bp. Overlapping paired-end reads having a minimal overlap of 10 bp were merged using the software FLASH version 1.2.8 (Magoč & Salzberg, 2011) . Merged and nonmerged sequences were used as input for mapping using BURROWS-WHEELER ALIGNER version 0.7.10 (BWA; ) with seeding disabled (Schubert et al., 2012) . "natural" refers to autochthonous populations or populations that have recovered from population bottlenecks through natural means (i.e., without human assistance); "reintroduced" populations are those established through human assistance (translocations, etc.). b Adapter and quality-trimmed, merged sequences and sequences that could not be merged. | 5 sequences were retrieved by querying the CDS bait sequences versus the F. catus v8.0 genome using BLASTN (BLAST+ version 2.2.29); the resulting hits were restricted to only one target hit (-max_target_seqs 1) and were further filtered to match only the predicted chromosome. The actual CDS sequence including flanking sequence was retrieved by applying BEDTOOLS GETFASTA (version 2.17.0) using ±300 bp CDS positions on the cat reference. Then, these extended cat sequences (CDS + flanks) served as reference for mapping all lynx sequences (i.e., from all samples). Aligned sequences were deduplicated using MarkDuplicates from PICARD-TOOLS version 1.106 (https://github.com/broadinstitute/picard). Variant calling was carried out using SAMTOOLS version 1.1 ) and BCFTOOLS version 1.2 (http://github.com/samtools/bcf tools) to determine the most common lynx variant at every position; the cat reference was modified accordingly. For variants present at ≥3× and alternate base frequency >0.5, the alternate (lynx) base was used to generate the lynx consensus sequence. In this manner, we converted the cat sequence into a lynx "consensus" sequence for each CDS, which included 300 bp of 5′ and 3′ flanking sequence and henceforth the "lynx CDS reference" (of 1,102,167 bp length). We carried out the same procedure using the recently published Iberian lynx (Lynx pardinus) genome as ref-
| Reference processing
erence (Abascal et al., 2016) , representing a close relative of our study species, albeit with a less complete genome assembly. It should be noted, however, that in cases where the target species is highly divergent from the reference species, other approaches are advised to generate target species reference sequences (e.g., Portik, Smith, & Bi, 2016; Yuan et al., 2016) .
| Sample processing
We generated a separate consensus sequence for each lynx sample by mapping against the lynx CDS reference. Following a second round of mapping against this sample-specific consensus sequence (to recover as much data as possible), GATK UnifiedGenotyper (v1.6) was then used to identify sequence variants (SNPs and InDels) in 
| SNP-panel development
We aimed to generate a lynx SNP-panel with 96 SNPs for highthroughput genotyping using Fluidigm's SNPtype ™ assays (Fluidigm Corp., San Francisco, CA, USA), which has proven effective for SNP genotyping when using DNA extracted from noninvasively collected samples (see Von Thaden et al., 2017) . Alternative high-throughput SNP genotyping techniques such as GT-seq (Campbell, Harmon, & Narum, 2015) were not considered; although these perform well when invasive sampling is possible, they have lower success rates when working with low DNA concentrations (e.g., Carroll et al., 2018 ).
In particular, we intended to use the "96. Table S1 ), none of which had been used in the SNP discovery.
For most samples, we performed four replicates: two using template DNA at standard concentration and two using template DNA at low concentration (see above); for some samples, we were only able to perform the two replicates at low concentration. Again, we randomly chose 10 of 96 loci (10.4%) to be verified by Sanger sequencing in five of the 100 Eurasian lynx.
As DNA of prey species may contaminate DNA extracted from noninvasively collected faecal samples, we also performed cross-spe- 
| Individual identification
We used two approaches to examine the power of the newly designed 96 SNP-panel to discriminate among individuals. First, we used GIMLET version 1.3.3 (Valière, 2002) to estimate (across loci) both the unbiased "probability of identity" (PID unb ) and the more conservative "probability of identity given siblings" (PID sib ). These probabilities were estimated separately for each population with at least 10 individuals (Estonia, Latvia, Poland, Finland, Norway, Slovenia), as well as for the genetic clusters identified in the population structure analyses (below).
Second, we directly examined the performance of the SNPs to differentiate individuals in our data set. In particular, we examined how well different subsets of loci performed for identifying individuals. We examined a range of subset sizes (10, 20, 30, 40, 50, 60, 70, 80 and 90 loci) and examined the results for 10,000 permutations per subset size; for this, subsets of loci were randomly drawn from the entire data set without replacement. This analysis was conducted in the statistical programming environment R (http://www.cran.r-pro ject.org) using a custom script (deposited on DRYAD under https:// doi.org/10.5061/dryad.3f4jr01). Only samples without any missing data were used in this analysis, to avoid an additional character state ("missing data") from influencing results (that is, inflating the ability of n loci to discriminate individuals in the data set).
| Population structure inferences
For the assessment of SNP performance regarding the detection of genetic substructure and population assignment, we used two common methods: principal component analysis (PCA) and Bayesian population assignment. PCA was carried out using the R package ADEGENET version 2.0.1 (Jombart, 2008) . Bayesian assignment to genetic clusters (populations) was carried out using the software STRUCTURE version 2.3 (Pritchard, Stephens, & Donnelly, 2000) . In the latter, we were interested in the number of genetic clusters identified, but also whether the SNPs could be used to assign lynx to their correct source cluster. To examine this, we first conducted the STRUC-TURE analysis on samples (N = 104) from naturally occurring populations and then tested whether samples from reintroduced populations (Croatia, Slovenia; N = 21) would be assigned to the genetic cluster corresponding to their source population, that is the population from which lynx had been translocated to establish the reintroduced populations. First, for all 104 lynx from naturally occurring populations, we ran 10 replicates for values of K (inferred number of genetic clusters) from 1 to 8 for 600,000 iteration steps, the first 150,000 of which were discarded as burn-in, and allowing for correlated allele frequencies in the admixture model (Falush, Stephens, & Pritchard, 2003) . The most likely number of genetic clusters (K) was then determined following the ΔK method (Evanno, Regnaut, & Goudet, 2005) implemented on the STRUCTURE HARVESTER website (http://taylor0.biology.ucla.edu/structureHarvester) (Earl & vonHoldt, 2012) . Using the inferred K, we then re-ran STRUCTURE with all lynx (N = 125) to check for correct cluster assignment.
We tested for linkage disequilibrium (LD) and deviation from
Hardy-Weinberg equilibrium (HWE) with the R package GENEPOP (version 1.0.5, Rousset, 2008) in sampling localities and inferred genetic clusters; the R package LDHEATMAP (Shin, Blay, McNeney, & Graham, 2006 ) was used to visualize pairwise r 2 values.
| Applicability of baits for other taxa
To assess the potential taxonomic breadth for which our cat CDSderived baits may be applicable, we queried our baits against the and target to address the utility of our cat CDS-derived baits in other carnivorans.
| RESULTS
| Sequence and target enrichment results
The number of raw reads varied from 19,467,436 to 46,579,692 among the 26 lynx samples (mean: 28,094,688), and the percentage of on-target sequences ranged from 19.6% to 29.5% (mean: 24.4%; Table 1 ). As the target region corresponds to 0.026% of the cat genome (Supporting Information Table S2 ), and the lynx genome is roughly equivalent in size (Animal Genome Size Database, http:// www.genomesize.com), the cross-species capture resulted in a greater than 900-fold increase in on-target sequences.
For half of the CDS, the enrichment was very successful: On average, 90% or more of the target region was covered at ≥15× depth per sample (Figure 2a) . Across all samples, the majority of CDS (632 loci; 78.1%) had a coverage of ≥15× for 50% or more of their lengths. Some CDS (61 loci; 7.5%) were poorly enriched in all samples (less than 10% of target region ≥15× depth), among them 31 CDS were not enriched in any sample.
As expected, the inclusion of flanking sequences in the lynx CDS references (300 bp, both 5′ and 3′, see Section 2) increased the number of mapped sequences and improved coverage at CDS boundaries. This yielded between 16,701 and 30,309 more bases of the target with ≥15× depth (mean: 20,674 bases; 3.34% of the target region).
| Variation in CDS
Of the 809 CDS analysed, 61 were excluded due to insufficient data, 207 showed no variation among lynx samples (most probably due to poor coverage of CDS at ≥15× depth) and one showed no variation between lynx and cat. Three further CDS were no longer present in the newest build of the cat genome (v8.0). The remaining 537 CDS (66.4% of CDS; length ranging from 961 to 5,113 bp incl. flanking sequence) showed intraspecific variation, which consisted of 1,186
SNPs and 109 InDels (Figure 2b ).
Use of the Iberian lynx genome as reference (see Section 2) revealed fewer intraspecific variants among Eurasian lynx samples (993 SNPs and 66 InDels). Most of this difference in the number
of variants detected reflects differences in the genome assemblies of the cat and the Iberian lynx (i.e., fewer CDS present in the genome assembly, less flanking sequence retrievable)-in other words, the variation detected using the Iberian lynx genome was mostly a subset of the variation detected using the cat genome. Variants detected only when using the Iberian lynx genome as reference were located in the flanking regions of 14 CDS (18 SNPs, three InDels), which were characterized by low or no coverage when using the cat genome. Thus, although the Iberian lynx is a closer relative of the Eurasian lynx than the domestic cat, the more complete genome assembly of the cat enabled us to retrieve more data about intraspecific variation in the Eurasian lynx. Figure 1c ) and assuming a similar distribution in lynx, we estimated the average distance between SNPs on the same chromosome in the final set of 96
| SNP-panel
SNPs to be 17.55 Mb.
As indicated by the improved genotyping success (Figure 3) , the final set of 96 SNPs had less missing data or genotyping inconsistencies in the 26 lynx of the discovery panel (Figure 3b ), than did the set of all 144 SNPs (Figure 3a) . Some sample replicates-mostly those using low concentrations of template DNA-had a high incidence of missing data (Figure 3a ,b). We obtained complete or nearly complete genotypes for the 100 additional lynx samples ( Figure 3c ); mean genotyping success was 98.8% for replicates using the standard concentration of template DNA (red dots in Figure 3c ) and 96.0% for replicates using the low concentration of template DNA (blue dots in Figure 3c ). Considering the whole data set (N = 125),
we found no significant linkage between loci (LD heatmap in Supporting Information Figure S2 ) and detected no deviation from HWE. In some subsets of the data (sampling localities or genetic clusters, see below), a small number of SNPs were in LD or deviated from HWE (see Supporting Information Table S3 ).
Cross-species tests resulted in low overall genotyping success, except for the domestic cat (upon which the cross-species capture was based), which generated data at 83 loci, of which only five were heterozygous (6%). The other prey species displayed signals at a far lower rate: roe deer at 13 loci, European red deer at nine loci, European hare at eight loci, house mouse at two loci, pine marten at 27 loci and American mink at 24 loci. Thus, the most likely prey species 
| Identification of individuals
All 96 SNPs of the final panel were polymorphic for the complete lynx data set (N = 125), with a MAF between 6% and 50% (mean = 28%). The cumulative PID unb (unbiased probability of identity)
within geographic localities ranged from 1.71 × 10 −17 to 7.28 × 10 −35 (Table 2) , and in the genetic clusters identified in the population structure analyses (below) from 1.51 × 10 within geographic localities and from 7.19 × 10 −11 to 7.12 × 10 −17 in genetic clusters ( Table 2) . As little as 19 loci were already sufficient to achieve a PID sib <10 −4
, regardless of locality or genetic cluster (Table 2 ). When we examined the performance of SNPs to differentiate all lynx without missing data (N = 102) using various subsets of loci (ranging from 10 to 90 loci; Figure 4 ), we found that 40 SNPs were sufficient to differentiate all individuals in more than 99% of 10,000 random permutations of SNP loci (sampled without replacement); similar results were obtained when examining lynx from the two subspecies separately (see Appendix S1).
Given the genotyping success rate we observed (Figure 3 ), our
final 96 SNP-panel should perform very well for individual identification.
| Population structure inferences
The PCA showed a clear separation of two distinct clusters along the first principal component axis (Figure 5a ), which explained 18.5% of variation. These two clusters corresponded to the Eurasian lynx Colours are used to differentiate between genotyping success at standard template DNA concentration (red circles, 50 ng/μl) and low template DNA concentration (blue circles, 0.5 ng/μl). Scatter was added to visualize density Ratkiewicz et al., 2014) . Some substructure within subspecies is also apparent.
In STRUCTURE, the most likely number of genotypic clusters was K = 2 (Figure 5b, upper panel) . However, the probability was also high for K = 5 (see Appendix S1). As the Evanno method is designed to detect the highest hierarchical level of genetic structure (Evanno et al., 2005) , we also considered K = 5 (Figure 5b 
| Applicability of baits in other taxa
We found high sequence similarity between the cat CDS-derived baits and their targets in four other felid species, Iberian lynx, cheetah, leopard and tiger (all four: median sequence divergence of 0.8%; Figure 6 ). 
T A B L E 2 Probability of identity calculated for different subsets of the SNP data
19
Note. PID unb (unbiased probability of identity) and PID sib (probability of identity given siblings) were calculated using GIMLET version 1.3.3 (Valière, 2002) . Loci were ranked by informativeness (per-sample set), and then, the number of loci was determined for which PID sib was <10 
F I G U R E 4
Comparison of the proportion of individuals recovered using different subsets of the SNP data, ranging from 10 to 90 loci. For each subset size, 10,000 permutations (random selection of loci without replacement) were plotted; percentage values indicate the number of permutations in which all individuals in the data set without missing data (N = 102) were identified. Scatter was added on the x-axis for each subset to visualize density As expected, sequence divergence between cat CDS-derived baits and their targets in other, more distantly related carnivoran species was higher, with a median sequence divergence of 5.8% (Figure 6 ). Even for the most distantly related taxa considered, the amount of missing data predicted using the regression formula of Portik et al. (2016) was low-to-moderate (up to~20%; right y-axis in Figure 6 ) for the majority of targeted regions (i.e., sequences covered by baits).
| DISCUSSION
Our results show that targeted capture of CDS can be used for SNP discovery in nonmodel organisms and that a subset of the identified SNPs can be successfully implemented in a high-throughput genotyping platform to accurately identify individuals and to infer population genetic structure of the species of interest.
Using publicly available genomic resources for model organisms,
we were able to design baits for 100s of target CDS loci that were then enriched in our nonmodel study species, the Eurasian lynx Lynx lynx. We successfully surveyed intraspecific variation in L. lynx across its European range and generated a large data set of SNPs inside CDS and their flanking regions. A large proportion of CDS had good or complete coverage of the target region (≥15× depth per sample) and yielded 1,186 SNP loci for downstream applications.
| Targeted capture for SNP discovery
Targeted capture does not require an exact sequence match between bait and target for successful enrichment. While decreasing sequence similarity between bait and target reduces the efficiency of capture (e.g., Paijmans et al., 2016; Portik et al., 2016) , successful enrichment has been reported for species with up to 40% sequence | 11 divergence (Li et al., 2013) . This "mismatch tolerance" is utilized in divergent reference capture, where baits designed using molecular data of one species are used to enrich complementary sequences in one or more other species. In interspecific studies, this yields comparable data (100s-1000s loci) across distantly related species (e.g., Bragg et al., 2016; Newman & Austin, 2016; Portik et al., 2016; Yuan et al., 2016) .
Rather than generating comparable data across multiple species, we used exon-capture (Bi et al., 2012) to gain comparable data across many samples within the same species. In this manner, we generated high sequence coverage for a small portion of the nuclear genome-the targeted CDS-across all samples. This portion of the genome was then screened for variation in the form of SNPs, a subset of which was then used to design the SNP-panel.
Capture is scalable, with the number of targets determined by ing what is practical using DIY protocols (e.g., 51 loci, Peñalba et al., 2014) . In particular, as the per-sample costs of using custom baits (e.g., from MYcroarray) can be reduced using smaller reaction volumes in combination with a dilution of synthetic RNA baits (this study; Li et al., 2013; Yuan et al., 2016; Cruz-Dávalos et al., 2017) and by pooling barcoded libraries of multiple samples prior to hybridization (see, for example Portik et al., 2016;  for capture success following different levels of sample pooling). In addition, lowering the sequence depth requirement for SNP calling permits pooling of more samples during sequencing and can further reduce costs (e.g., ≥8× depth, Lim & Braun, 2016) . Considering our results, and the filters we used to select candidate SNPs for the SNP-panel (see Section 2), we would recommend a minimum of~250 target loci (400 bp or longer) for SNP discovery using an approach like the one described here.
The increasing availability of genomic resources for nonmodel organisms, particularly annotated genomes and transcriptomes, improves the chances of finding species for bait design that is not too distantly related to target species. While successful enrichment of sequences has been reported for "bait species" with very high divergence times from the target species (up to~250 million years; Li et al., 2013; Hedtke et al., 2013) , several studies have observed a drop in capture efficiency with increasing sequence divergence between bait and target (e.g., Bi et al., 2012; Bragg et al., 2016; Paijmans et al., 2016; Peñalba et al., 2014; Portik et al., 2016; Vallender, 2011) . For this reason, we examined the taxonomic breadth at which the baits used here should still retrieve sufficient data for the design of a similarly sized SNP-panel. The relatively limited sequence divergence between our cat CDS-derived baits and their targets in other carnivorans with published genomes (Iberian lynx, cheetah, leopard, tiger, domestic dog, ferret, polar bear and giant panda), suggests a broad utility of these baits. Unsurprisingly, the representatives of the carnivoran family Felidae (Iberian lynx, cheetah, leopard and tiger) display very low sequence divergence between the cat CDS-derived baits and the target loci. The baits that we used for exon-capture in lynx should thus perform equally well for other species in the family Felidae (consisting of 14 genera and 37 species) that diverged approximately 11 million years ago (Johnson et al., 2006; Li, Davis, Eizirik, & Murphy, 2016) . The more distantly related carnivorans (domestic dog, ferret, polar bear and giant panda) display higher sequence divergence between bait and target. Despite a low-tomoderate amount of missing data (up to~20%) predicted for these -F I G U R E 6 Sequence similarity between the domestic cat CDS-derived baits and their targets in other carnivorans with published genomes, including four felids (Iberian lynx, cheetah, leopard and tiger) and four caniform carnivorans (dog, ferret, polar bear and giant panda). The right yaxis displays estimates for missing data (%) (proportion of target not recovered) based on sequence similarity between bait and target (Portik et al., 2016) taxa (Figure 6 ), sufficient data would be retrieved for the design of a SNP assay. In fact, our results for the Eurasian lynx suggest that even with 50% missing data, enough loci would likely be recovered to exceed the requirements for the design of a 96 SNP-panel (see above). Our cat CDS-derived baits should thus be suitable to examine intraspecific variation in species across the whole carnivoran order (286 species; Wozencraft, 2005) and over substantial divergence times (approx. 59 million years, Eizirik et al., 2010) . Exon-capture (Bi et al., 2012) as employed here (targeting single-copy CDS)
can thus provide intraspecific sequence variants from a subset of the genome, across a broad range of species and divergence times, supplying the necessary information to develop SNP-panels for nonmodel species.
Because targeted capture can be used on samples of poor quality (noninvasively collected material, Hernandez-Rodriguez et al., 2018; Perry et al., 2010; archival material, Lim & Braun, 2016; McCormack et al., 2016; ancient material, Carpenter et al., 2013; Enk et al., 2014 ; formalin-fixed material, Ruane & Austin, 2017) , it is also valuable for studies of taxa for which samples are difficult to obtain for genetic analyses (rare and elusive species, those in difficult to reach habitats and degraded samples such as archival material). For example, noninvasively collected material can be incorporated in the SNP discovery process to cover portions of a species' distribution without having fresh tissue samples available, or, archival and ancient samples can be added to existing data sets, providing information about historical (e.g., extinct) populations (Bi et al., 2014; Lim & Braun, 2016) .
| Comparison to other targeted capture approaches
Of late, several approaches have been developed that combine targeted capture with other methods of genome reduction to obtain information about nuclear sequence variation in nonmodel species.
Some of these approaches combine targeted capture with a RADseq workflow (RADcap, Hoffberg et al., 2016; Rapture, Ali et al., 2016; hyRAD, Suchan et al., 2016) . These can overcome some of the challenges or drawbacks of RAD-seq (e.g., sequence polymorphism at a restriction site resulting in null alleles, variable coverage across samples and application to historical samples), and either generate baits directly (hyRAD) or supply the sequence information needed for bait synthesis (RADcap & Rapture). These approaches yield improved matrix occupancy (i.e., more complete data sets) at the cost of expanded laboratory and bioinformatic workflows (modification of RAD-seq and addition of targeted capture). The hyRAD-X approach (Schmid et al., 2017) includes the additional incorporation of an RNA-seq workflow and captures RAD loci located in the transcriptome. In this approach, RAD loci are not anonymous, as they map to an assembled transcriptome. Another approach that combines targeted capture with RNA-seq is expressed exome capture sequencing (EecSeq; Puritz & Lotterhos, 2018) , in which mRNA is used to generate baits, after reducing (normalizing) the abundance of highly expressed genes in the cDNA pool.
All of these approaches represent methodological improvements and have great potential for surveying intraspecific variation in nonmodel species. Moreover, they are cost-effective for population-level studies involving 100s of individuals. This makes them attractive for studies of taxa with little-or-no genomic resources and for which invasive sampling is possible. However, due to their complexity and requirements, they may be less suitable for SNP discovery in rare and protected species that are to be genetically monitored using noninvasively collected samples. In part, the benefits (incl. cost saving) of these approaches are achieved by high sample throughputsomething that may not be possible or necessary for SNP discovery (which can be based on 10s of samples, as demonstrated here).
Obtaining the requisite mRNA for some of these approaches will be a significant constraint when working with rare and/or elusive species. The investment of time and money for pilot studies required for some of the aforementioned approaches, in addition to the added laboratory and bioinformatic expertise needed, may also limit their practicality.
For most species of conservation concern that can be genetically monitored using noninvasively collected samples (e.g., faeces or hair), the requisite genomic resources for the SNP discovery workflow presented here are available; that is, data from a not too distantly related species (see above). A user-friendly BLAST-based pipeline (Li et al., 2012) can thus be used to identify target loci (single-copy CDS), which are used to design baits for exon-capture ( Figure 1a ). As these baits can be used for many taxa, spanning broad divergence times, implementation of the workflow for even distantly related species requires no additional investment. The only addition to standard molecular laboratory equipment required to implement this workflow is the magnetic rack needed for targeted capture, and potential costsaving measures have already been mentioned (dilution of baits, pooling of samples before capture, lower sequence depth to call SNPs). Furthermore, the bioinformatic pipeline postcapture is a standard variant calling procedure, which only involves sequence read processing (adapter and quality trimming), mapping and variant calling. Our workflow thus offers a straightforward means to obtain nuclear sequence variation at 100s of loci-that can be implemented for many taxa without modification-and uses mostly standard molecular laboratory equipment and standard bioinformatic procedures.
| Genetic monitoring using SNPs in CDS
The ability to accurately identify and differentiate individuals is central to population monitoring (Frankham et al., 2010 genotype SNPs in a range of noninvasively collected material, such as individual hair, faecal samples and urine samples (Kraus et al., 2015; Nussberger et al., 2014) . Using this platform, we observed a high genotyping success rate for samples with very low DNA concentrations (0.5 ng/μl), which we used in lieu of noninvasively collected samples. Conducting multiple replicates per sample is unproblematic, as only a limited amount of template is required per sample, and the costs of genotyping samples are relatively low (Kraus et al., 2015) .
Regarding the identification of individuals, the 96 SNP format performed very well. This is in line with previous studies, which found that 40-100 SNP loci performed similarly well or better than the typical number (10-20) of microsatellite loci used for the purpose of individual identification and kinship analysis (e.g., Gärke et al., 2012; Hauser et al., 2011; Kaiser et al., 2017; Morin et al., 2012; Tokarska et al., 2009; Weinman, Solomon, & Rubenstein, 2015) .
Here, we observed that a low number (18 or 19) of informative loci was more than sufficient to distinguish individuals of a given population. Our permutation test showed that even with a substantial number of locus dropouts (up 30%-40%), we were able to distinguish individuals, indicating that this 96 SNP-panel is robust enough for genotyping poor quality (e.g., noninvasively collected) samples.
The ability to make population structure inferences and to assign individuals to populations is an important component of genetic population monitoring, providing information about animal movements and potential gene flow, the impact of habitat fragmentation, degree of inbreeding and other population parameters (Frankham et al., 2010) . In past years, there has been increasing evidence for the suitability of genic SNPs to ascertain population membership of individuals (DeFaveri, Viitaniemi, Leder, & Merila, 2013; Elbers, Clostio, & Taylor, 2017; Freamo, O'Reilly, Berg, Lien, & Boulding, 2011; Oliveira et al., 2015; Zhan et al., 2015) . This has been examined by itself and also in comparison with both traditionally used microsatellite markers (e.g., DeFaveri et al., 2013; Elbers et al., 2017) and non-genic SNPs (e.g., DeFaveri et al., 2013; Elbers et al., 2017; Zhan et al., 2015) ; in all cases, genic SNPs performed equally well or better than alternative markers.
Using our CDS-derived SNPs, we were able to unambiguously delineate the two Eurasian lynx subspecies in our sample set (L. l. lynx and L. l. carpathicus). Within L. l. lynx, which dominated our sample set, further levels of population structure could be resolved. This structure was congruent with the one detected in a larger sample set (N = 298) that had been genotyped at 13 microsatellite loci (Ratkiewicz et al., 2014) . In the same way, the extent and direction of introgression detected using our 96 SNPpanel mirrored that observed using microsatellites in the aforementioned study. Using our 96 SNP-panel, we were also able to accurately assign individuals from reintroduced populations to the genetic cluster of their source population. The 96 SNP-panel presented here thus appears more than suitable for the genetic monitoring of Eurasian lynx across their European range considering the higher potential for automation of SNP genotyping, better collaboration possibilities and cost reduction potential (Kraus et al., 2015) .
| CONCLUSION
There is growing evidence for the utility of genic SNPs for the genetic monitoring of populations. As demonstrated here, targeted capture coupled with high-throughput sequencing is well suited for acquiring information regarding such intraspecific variation, even in cases where study species lack genomic resources. With the increasing availability of genomic resources for nonmodel species, this kind of approach will become more broadly applicable-even though capture already shows potential to work across substantial divergence times (e.g., Bragg et al., 2016; Hedtke et al., 2013; Li et al., 2013; Portik et al., 2016) .
Baits do of course not need to be explicitly designed with the aim of discovering SNPs for genetic monitoring purposes. Thus, baits designed for other purposes (e.g., resolving taxonomic uncertainties, Yuan et al., 2016 ; identifying regulatory sequences, Yoshihara et al., 2016 ; identifying adaptive genes, Roffler et al., 2016 ; investigating loci linked to traits, Springer et al., 2015) can be used to screen samples from related species for intraspecific variation. 
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